Purpose Taurine (2-aminoethanesulfonic acid), a molecule obtained from diet, is involved in bile acid conjugation, blood pressure regulation, anti-oxidation and antiinflammation. We performed the first prospective study of taurine and CHD risk. Methods We conducted a case-control study nested in the New York University Women's Health Study to evaluate the association between circulating taurine levels and risk of coronary heart disease (CHD). Taurine was measured in two yearly pre-diagnostic serum samples of 223 CHD cases and 223 matched controls and averaged for a more reliable measurement of long-term taurine levels. Results Mean serum taurine was positively related to age and dietary intake of poultry, niacin, vitamin B1, fiber and iron, and negatively related to dietary intake of saturated fat (all p values B0.05). There was no statistically significant association between serum taurine levels and the risk of CHD in the overall study population. The adjusted ORs for CHD in increasing taurine tertiles were 1.0 (reference), 0.85 (95% CI, 0.51-1.40) and 0.66 (0.39-1.13; p for trend = 0.14). There was a significant inverse association between serum taurine and CHD risk among women with high total serum cholesterol ([250 mg/dL) (adjusted OR = 0.39 (0.19-0.83) for the third versus first tertile; p for trend = 0.02) but not among those with low total serum cholesterol (p for interaction = 0.01). The data suggest a possible inverse association of serum taurine with diabetes and hypertension risk. Conclusions The findings suggest that high levels of taurine may be protective against CHD among individuals with high serum cholesterol levels.
Introduction
Coronary heart disease (CHD) is the leading killer of American men and women causing one in five deaths [1] . Large prospective epidemiologic studies have provided evidence that nutritional factors are important modifiable risk factors for CHD. Nutrients such as beta carotene, folate, fiber, and vitamins A, B, and C have been shown to be beneficial to the cardiovascular system [2, 3] . Identification of novel dietary protective factors may improve the understanding, control, and prevention of CHD.
Taurine (2-aminoethanesulfonic acid) is a sulfur-containing molecule obtained mainly through diet in humans, with miniscule amounts made endogenously. Interest in the health effects of taurine originated from human [4, 5] studies in which intakes of foods rich in sulfur-containing amino acids, such as fish, were inversely associated with the risk of hypertension and cardiovascular disease (CVD). In vitro and animal studies have suggested that taurine is involved in a variety of biological processes, including bile salt conjugation, osmoregulation, blood pressure regulation, and anti-oxidation [6] . Ecological analyses from the WHO Cardiovascular Diseases and Alimentary Comparison (WHO-CARDIAC), a multicenter cross-sectional study, have reported an inverse correlation between group means of urinary excretion of taurine, a surrogate of taurine intake, and mortality rates due to ischemic heart disease (IHD) in both men [7] and women [8] . However, the observed correlations could be the result of ecologic fallacy because factors associated with disease rates at the group level may not be associated with disease at the individual level [9] . In addition, the correlations may be confounded by unmeasured factors related to both taurine intake and IHD at the individual level. Several clinical trials, ecologic studies, and cross-sectional studies have reported that taurine can lower cholesterol [5, 10, 11] and blood pressure [5, 10, 12, 13] . However, these studies were limited in sample size, short in the duration of follow-up, and/or potentially subject to ecologic fallacy [14] . Although taurine has been a popular supplement and ingredient in ''energy drinks'' in recent years, to date, no prospective epidemiologic studies have evaluated the association between taurine intake and the risk of CHD.
We conducted a prospective case-control study nested in the New York University Women's Health Study (NY-UWHS) to evaluate whether a high concentration of serum taurine is protective against CHD risk. We also assessed the distribution and correlates of serum taurine as well as the associations between serum taurine and risk factors for CHD.
Methods

New York University Women's Health Study (NYUWHS)
Details of the NYUWHS have been described elsewhere [15] . Briefly, a total of 14,274 women, 34-65 years of age, were enrolled between 1985 and 1991 at a breast cancer screening center in New York City. At the time of enrollment, demographic, medical and lifestyle information was collected using a self-administered questionnaire. Active follow-up of the cohort is conducted with questionnaires mailed approximately every 2-4 years. Lost participants are located using the National Change of Address database of the US Postal Service, the Choice Point credit bureau database, internet-based resources, primarily telephone directories and the Social Security Death Index, the National Death Index (NDI), and telephone calls to contacts. The response rate for the last round of follow-up, completed in 2006, was 83% of the original cohort members.
Physical activity at baseline was assessed in two followup questionnaires in which participants were directed to report their activity levels during the baseline period. Cases of hypertension and diabetes were identified using selfreport information on physician-diagnosis of the condition, and/or medicine use for these conditions collected at baseline and in all follow-up questionnaires.
Dietary information for the year prior to cohort enrollment was collected at baseline using a self-administered food frequency questionnaire (FFQ) of 70 typical American food items. The questionnaire was similar to the validated Block FFQ [16] , with minor modifications to the food list. Details of the dietary assessment in the NY-UWHS, including its reproducibility, have been described elsewhere [17] . Daily nutrient intakes were calculated using food composition tables elaborated at the National Cancer Institute [16] , with minor modifications.
Non-fasting blood was collected at enrollment, centrifuged, and the serum was stored at -80°C for subsequent analysis. Fifty-one percent of the participants (n = 7,344) gave blood at more than one visit at yearly intervals. Compared with women who gave blood once, women who donated blood two or more times were older (mean age 53.4 vs. 49.3 years old) and more likely to be of European descent (81% vs. 77%). Distributions of body mass index (BMI), education, smoking status, and multivitamin use were similar in the two groups (data not shown).
The study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the IRB of New York University School of Medicine. Written informed consent was obtained from all subjects at the time of enrollment.
Ascertainment of CHD endpoints
In each follow-up round of the NYUWHS, participants who reported a CHD event were contacted for further information, including authorization to obtain their medical records. CHD cases were ascertained and verified based on medical chart review and NDI. CHD cases included women who had documented non-fatal or fatal MI, fatal CHD, or surgery to remedy restricted blood flow including coronary artery bypass grafting (CABG) and percutaneous transluminal coronary angioplasty (PTCA). Fatal CHD was classified when: (1) fatal MI was the finding at autopsy, or (2) the underlying cause of death from the NDI was CHD (ICD9 codes 410-414 or ICD10 codes I20-I25), provided that during previous follow-up there was evidence from questionnaires or medical records of pre-existing CHD. Non-fatal MI was confirmed if it met the World Health Organization criteria of symptoms [18] for either diagnostic electrocardiographic changes or elevated levels of cardiac enzymes.
Nested case-control study design and subject selection
In a pilot study [19] , we determined that the mean of two yearly measurements would provide an estimate of the long-term taurine serum concentration with temporal reliability similar to that of other biomarkers in epidemiologic studies [20, 21] , i.e., an intraclass correlation coefficient of 0.65. We, therefore, selected the first 223 CHD cases ) from NYUWHS participants who had donated blood C2 times during follow-up visits, and who had no history of CVD at the time of blood donation. For each CHD case, one control was selected at random from the NYUWHS subjects who were alive and free of CVD at the date of the coronary event of the case. Cases and controls were matched on age at baseline (±6 months), menopausal status (pre-and postmenopausal), total number of blood donations (2 or [2) , and the dates of both blood donations (±6 months).
Analysis of serum taurine, total cholesterol, and HDL-cholesterol Laboratory personnel were blinded to the identity and case-control status of study participants. Taurine was determined using a high performance liquid chromatography (HPLC) (Waters, Millford, MA) with pre-column derivitization using o-phthaldialdehyde (Sigma-Aldrich HPLC) and 3-mercaptopropionic acid (Fluka Biochemika) with fluorescence detection. The reagents, sample preparation, and derivitization methods were slightly modified from a previously published protocol [22] as previously described [19] . The coefficient of variation (CV) was 7.3%.
Total cholesterol and HDL-cholesterol measurements were performed by Pacific Biometrics Incorporated, in Seattle, Washington. Total cholesterol was measured using CDC-standardized enzymatic assay with a Trinder endpoint reaction. HDL-cholesterol was measured using dextran sulfate precipitation [23] followed by an enzymatic inhouse method similar to that used by the CDC Cholesterol Reference Method Laboratory [24] .
Statistical analysis
The distribution of baseline characteristics and established CHD risk factors in CHD cases and controls were compared using conditional logistic regression model, which takes into account the matching factors [25] . The mean of the serum taurine in the two, yearly, samples was the main exposure variable and for simplicity is referred to as serum taurine from here on.
To investigate determinants of serum taurine, linear regression models were used with serum taurine as the dependent variable and participants' characteristics as the independent variables. Pearson partial correlation coefficients (r) were used to quantify the association between serum taurine and consumption of food groups and intakes of macro-and micronutrients, adjusting for variables that may be associated with intakes of taurine and other dietary factors, i.e., age, CHD status, BMI, and total calories. The nutrients of interest were those relevant to CHD risk [2, [26] [27] [28] [29] [30] . Nutrient intakes estimated from the FFQ were energy-adjusted using the residual method [31] . Dietary data from participants who reported unreasonable total caloric intake of less than 500 (n = 9) or greater than 3,500 calories per day (n = 10) were excluded. Serum taurine and dietary intakes were log-transformed to improve the normality of their distributions. The analyses were also conducted in controls only.
To evaluate the association between serum taurine and CHD risk, we estimated odds ratios (ORs) and 95% confidence intervals (CIs) for CHD in relation to tertiles of serum taurine using conditional logistic regression. Cutoff points for tertiles were determined based on the distribution of serum taurine in cases and controls combined. ORs were first adjusted for BMI, smoking status, and serum total cholesterol, which are all major risk factors for CHD. ORs were further adjusted for total calories and potential confounders related to both CHD risk and serum taurine in our data, i.e., energy-adjusted intakes of saturated fat, folate, fiber, and potassium. Tests for linear trend were conducted using an ordered variable for tertile categories of serum taurine.
To examine whether the association between serum taurine and CHD differs by established risk factors for CHD, analyses were stratified by BMI (B and [ median, i.e., 25 kg/m 2 ), smoking status (never/ever), and total serum cholesterol (B and [ median, i.e., 250 mg/dL). Multiplicative interaction was tested using a cross-product term representing the product of a potential effect-modifier and serum taurine.
To assess whether a high concentration of pre-diagnostic serum taurine is protective against subsequent occurrence of hypertension or diabetes, we conducted unconditional logistic regression analyses in cases and controls combined as well as in controls only. Prevalent cases of diabetes or hypertension at baseline were excluded from the respective analyses. All analyses were completed using SAS (version 9.2; SAS Institute Inc, Cary, NC). 
Results
Serum samples were stored for an average of 22.7 years. At the time of baseline blood donation, the median age of the study participants was 58, and CHD events occurred at an average age of 70 years. Compared with controls, cases had a significantly higher BMI, and were more likely to have a parental history of heart attack, to be hypertensive, and to have a higher total serum cholesterol as well as a lower serum HDL-cholesterol at baseline (p values \0.05) ( Table 1 ). There were no differences between CHD cases and controls by race, level of education, physical activity, or smoking status. The median of serum taurine was similar in cases and controls (126.9 nmol/mL and 130.1 nmol/mL, respectively, p = 0.65). The geometric mean of taurine differed significantly by age at baseline (p \ 0.01) ( Table 1 ). There were no significant associations between all other baseline characteristics and serum taurine, with p values ranging from 0.15 to 0.98. Serum taurine was significantly negatively associated with dietary intake of saturated fat (r = -0.10) and positively related to dietary intakes of niacin (r = 0.11), vitamin B1 (r = 0.11), iron (r = 0.10), and fiber (r = 0.10) ( Table 2 ). Of the food groups, consumption of poultry was significantly positively associated with serum taurine (r = 0.14). There was no apparent correlation between serum taurine and other dietary factors. These correlations were similar among the controls (data not shown).
Overall, there was no statistically significant association between the risk of CHD and serum taurine levels ( Table 3 ). The adjusted ORs for CHD associated with increasing tertiles of serum taurine were 1.0 (reference), 0.85 (95% CI, 0.51-1.40), and 0.66 (0.39-1.13), respectively, (p for trend = 0.14), adjusting for BMI, smoking, and total cholesterol.
The association between serum taurine and CHD risk did not differ appreciably according to baseline BMI (p for interaction = 0.27) ( Table 3) . Although the inverse association was stronger among never smokers (p for trend = 0.09) than among ever smokers (p for trend = 0.77), there was no statistical evidence of interaction on the multiplicative scale (p for interaction = 0.25). Among women with high total serum cholesterol ([250 mg/dL), those in the highest two tertiles of serum taurine were less likely to develop CHD than those in the lowest tertile (OR = 0.31 (0.15-0.67 and 0.39 (0.19-0.83) for second and third tertile, respectively). There was no association between serum taurine and CHD risk in women with low cholesterol level (p for interaction = 0.01). Further adjustment for total calories and energy-adjusted intakes of saturated fat, folate, fiber, and potassium did not materially change the effect estimates for main effect and interaction analyses (data not shown). Lastly, we evaluated the associations of serum taurine with the risk of hypertension and diabetes, excluding prevalent cases at baseline. Serum taurine was significantly lower among women who developed hypertension (123.0 nmol/mL) compared with those who did not (130.2 nmol/mL, p = 0.04). In logistic regression models, serum taurine was inversely associated with the risk of hypertension, although the association was not statistically significant (Table 4) . Among controls, the association between serum taurine and hypertension risk was significant, with a 45-60% reduction in the risk of hypertension for women in the highest two tertiles of serum taurine compared with those in the first tertile (OR = 0.65 (0.29-1.46) and 0.40 (0.17-0.97) for second and third tertile, respectively, (p for trend = 0.04)). Serum taurine was lower among women who developed diabetes (118.5 nmol/mL) compared with those who did not (127.5 nmol/ml, p = 0.07). There was also a non-significant inverse association between serum taurine and risk of diabetes ( Table 4 ). The analysis regarding diabetes risk was not conducted in controls only due to the limited numbers of diabetes cases.
Discussion
To the best of our knowledge, this is the first prospective study to examine the relationship between serum taurine and CHD risk. Overall, there was no statistically significant association between the risk of CHD and serum taurine levels (p for trend = 0.14). We found a significant inverse association between serum taurine and CHD risk among women with higher serum total cholesterol, which was not observed in women with lower serum total cholesterol.
Although we measured serum taurine in two yearly serum samples to reduce the potential misclassification of taurine levels, it remains possible that taurine has a small effect on CHD risk that could not be detected in the present study, given the sample size of the study. In addition, it is possible that the beneficial effects of taurine on CHD risk may be exerted at a much higher level of taurine intake. In clinical trials of taurine and blood pressure [10, 11, 13] , taurine was given at 3-6 g/day, much higher than the typical daily intake of 40-400 mg/day [32, 33] . Our data suggest that cholesterol level may modify the effect of taurine on CHD risk. Taurine may be protective against CHD risk in the presence of adverse effects associated with high cholesterol level. There is evidence linking hypercholesterolemia with increased generation of reactive oxygen species, leading to high levels of circulating oxidized LDL [34] and pro-inflammatory cytokines [35] , and numerous cellular and animal studies have demonstrated that taurine has antioxidant and anti-inflammatory properties. Taurine supplementation has been shown to significantly attenuate oxidized LDL-induced cell injury in Sprague-Dawley rats [36] . In spontaneously hyperlipidemic mice, taurine supplementation significantly a All partial Pearson correlations were adjusted for CHD case/control status, age, BMI and log(total calories) except for the correlation with ''total calories'' which was not adjusted for log(total calories). Participants with caloric intake \500 and [3,500 were excluded b All macro-and micronutrients were log-transformed and energyadjusted using the residual method decreased levels of lipid oxidation and suppressed the development of atherosclerotic lesions [37] . The evidence suggests that taurine may interact with excessive oxidation and inflammation caused by increased cholesterol concentrations, thus reducing the associated CHD risk. Future epidemiologic studies are needed to confirm our findings. Our study is also the first epidemiologic study to assess the distribution and correlates of serum taurine. Consistent with studies about taurine contents in foods [38] [39] [40] , we found a significantly positive association between dietary intake of poultry and serum taurine. However, intake of shellfish and mollusks, the foods with the highest concentration of taurine [38] [39] [40] , was not significantly correlated with serum taurine level. This is most likely the result of infrequent intake of shellfish and mollusks in our study population, with an average intake of only 14 g/week (0.49 oz/week). Our data indicate that poultry intake, with an average consumption of 161 g/week (5.68 oz/week), was the major source of taurine in our study population. The literature indicates that serum and urinary taurine levels are largely determined by dietary taurine intakes, rather than an individual's ethnic or genetic background [5, 41] . However, the content of taurine differs appreciably by type of seafood and cut of meat [14] . Since most of the FFQs, including the one used in our study, do not specify the cut of meat consumed, the association between FFQmeasured dietary food intake and taurine serum level could differ in different populations because of the cuts of meat consumed. The potential beneficial effect of taurine on CHD risk among women with high cholesterol found in the study, if confirmed, may reinforce the role of poultry as part of healthy diet for preventing CHD. Serum taurine's negative association with saturated fat and positive associations with niacin, vitamin B1, iron, and fiber may be an indirect result of an overall healthy diet pattern that is associated with high levels of taurine and these nutrients. Women who consumed more chicken, which contains high levels of niacin, iron, and taurine, may have also consumed more vegetables, which are associated with high levels of iron and fiber, and more whole grains, which contain more vitamin B1 and fiber. Importantly, the main effect of taurine on CHD risk and the interaction between taurine and cholesterol did not change after controlling for nutritional factors.
The data also suggest that taurine may be associated with hypertension and diabetes. In ecologic studies, Mizushima et al. [5] found a negative association between urinary taurine excretion and hypertension prevalence comparing two different Japanese populations, and Liu et al. [12] showed a negative correlation between urinary taurine excretion and blood pressure in ethnic Chinese groups. A small clinical trial reported that taurine supplementation decreased blood pressure in 19 borderline hypertensive volunteers [13] . The results of the present study extend the findings of the previous studies because taurine and hypertension status were measured at the individual level and participants were healthy at baseline. The evidence of taurine's effect on diabetes is limited.
A study of taurine supplementation showed a reduction in glucose levels measured in plasma and urine [42] . Future large studies are needed to evaluate the potential beneficial effects of taurine on hypertension, and possibly diabetes.
The present study has several strengths. The prospective nature of the study design with participants free of CVD at the time of blood donation minimized the likelihood that serum taurine was influenced by disease or a change in diet due to disease. The study involved a long-term follow-up, average of 23 years, allowing us to study long-term effects of taurine. The standardization of sample collection, storage, and handling procedures [43] are also strengths of this study because measurements made from biological samples can be highly dependent on these factors. Because the study enrollment and blood donation occurred between 1985 and 1991, about a decade before the ''energy drink'' became popular in the United States, it is certain that the main source of taurine measured in the samples of the NYUWHS participants derived from food, not from enhanced drinks or over the counter supplements. Importantly, the use of repeated samples improved the reliability of the measurement of taurine, and consequently the validity of the findings.
It should be noted that our study population included over 80% Caucasian women, and therefore, the generalizability of results to men and other races should be considered with caution. However, there is no evidence that the biological actions of taurine would differ by sex or race. In addition, our results cannot be generalized to indicate health effects of energy drinks, which should be investigated separately, as these drinks often contain not only very high amounts of taurine but also a multitude of other ingredients such as caffeine and ginseng that may influence CHD risk. Although our ascertainment of hypertension status was based on self-reported data, the validity of self-reported hypertension status has previously been shown to have [80% sensitivity and specificity in other epidemiologic studies [44, 45] . Lastly, we cannot exclude the role of chance, unmeasured confounders, or biases in our findings, especially those relating to subgroup analyses.
In conclusion, we found no significant association between serum taurine and CHD risk overall, although the results are suggestive of an inverse association, especially among individuals with high serum cholesterol levels. The findings also suggest a possible inverse association between serum taurine and the risk of hypertension and diabetes.
